OBJECTIVES: Safety margins in pulmonary metastasectomy are not yet well defined. We hypothesize that histological subtype, size of the lesion and local growth characteristics must be taken into consideration during metastasectomy. This study was conducted to examine and classify growth patterns at resection margins and define the relationships between aggressive local growth, metastasis size and local recurrence to direct metastasectomy.
INTRODUCTION
Safety margins are necessary to prevent local recurrence after tumour resection and can be as small as 3 mm in solid organs like the liver [1] . For the lungs, there is a wide consensus that metastasectomy should be performed as a parenchyma-sparing wedge resection or enucleation with a safety margin of 5-10 mm [2] . Unfortunately, these recommendations are not further differentiated for different histologies or by the size of the metastases or by the location of the metastatic nodule. Based on data from surgery of primary lung cancer as well as other locations of solid organ metastases, different safety margins are required in the treatment of a 5-mm nodule compared with a 5-cm nodule [3] . Furthermore, we hypothesize that pulmonary metastases from different histological subtypes display different growth patterns and require different resection margins. In contrast to the frameworks of solid organs, the lung tissue offers a wide range of possibilities for tumour cell dissemination due to the lung's spongelike architecture with alveolar spaces, inter-lobular septa and its rich network of capillaries [4, 5] . To test the hypothesis of histology-specific growth patterns of pulmonary metastases, we analysed growth characteristics from lung secondaries at the transition of the nodule and healthy lung tissue. Growth pattern analysis is important not only for resection planning but also for cancer treatment in general [6, 7] . This study was initiated to generate basic knowledge about growth characteristics of different metastasis subtypes in the lung with their influence on local recurrence and to give a first impression whether different histological subtypes should be resected differently.
MATERIALS AND METHODS
From 2008 to 2014, resected pulmonary metastases were prospectively collected. The study was approved by the institutional review board. Pulmonary metastases from 183 patients were resected in 203 operative procedures. From these, 412 lung specimens were removed by wedge resection or enucleation (371), segmentectomy (28) and lobectomy (13) . The 412 specimens contained 459 metastases with a mean diameter of 12.6 (±10.6) mm. These specimens were resected with electrocautery (211; 51.2%), with laser (48; 11.7%), with staples (119; 28.9%) and as conventional wedge resection between clamps (34; 8.3%). The mean minimal safety distance from the surface of the specimen to the metastasis was 4.71 mm (median 3, range 0-45, SD ± 4.8).
There was an obvious difference of the average minimal margins between different modes of resection: cautery (4.5 ± 3.5 mm), laser resection (1.7 ± 1.7mm), staples (6.3 ± 5.8 mm) and conventional wedge resection (3.3 ± 3.1 mm). Lymph node sampling was performed in 127 patients, and 11 of them had involved nodes. An overview of the histologic types is given in Table 1 .
From each patient, 1 to 8 lung specimens were injected and fixed with 3.5% buffered formaldehyde solution until the alveolar lung tissue had the approximate size of inflated normal lung tissue. Care was taken not to stick the needle into the tumour. After a minimal incubation time of 8 h, the specimens were dried with a cellulose cloth, measured and macroscopically described. If present, the staple line was removed with a pair of scissors and 3 mm of safety distance was added to the pathology report. The resection area was swabbed with Indian ink, and the specimen was then cut into 3 mm slices beginning on the side with the thickest part of lung tissue covering the metastasis. The largest diameter of the metastasis and the shortest distance to the resection plane was noted, and up to 6 slices from 1 metastasis containing the border between the tumour and normal lung tissue were embedded in paraffin. Sections of about 5 mm thickness were cut from each tissue block and stained with haematoxylin and eosin. All specimens were sent for regular pathologic diagnostic workup. To establish the correct diagnosis for each patient, immunohistochemistry analysis was performed as needed. When the pathologic diagnosis was established and no further testing was necessary, all 1062 haematoxylin and eosin slices (mean 2.6 per specimen), at least 1 per tumour block, were reviewed and characterized for their growth pattern at the border of the solid metastasis and the alveolar lung tissue, and zones of regression within the metastasis, such as necrosis or scarring, were noted. The classification of growth patterns was performed as described earlier [4] , including the subjective impression of a microscopic smooth surface, the presence of a pseudocapsule, interstitial growth, satellite nodules, aerogenous spread of floating cancer cell clusters (ASFCs), pleural infiltration, haemangitic (=vascular spread) or lymphangitic spread (=lymphatic spread through lymph vessels), perivascular or peribronchial spread and some interesting aspects were also noted. Follow-up data were obtained from the hospital database, the referring physicians, registration offices and from direct contact with the patients or patients' relatives. When available, follow-up computed tomography scans were looked over for intrapulmonary, especially local intrapulmonary, tumour recurrence at the resection site.
Statistical analysis
All variables were analysed by the methods of descriptive statistics (frequency, mean ± standard deviation, range). For discriminating between normal and non-normal distributed variables, the Kolmogoroff-Smirnoff test was applied. In order to test the differences between 2 groups, the Mann-Whitney U-test was adopted. Comparisons between more than 2 means were performed by the Kruskal-Wallis test. We applied the v 2 test to compare frequencies and proportions in 2 or more groups. Logistic regression was used to model the association between the subgroups sarcoma, colorectal carcinoma (CRC), epithelial, renal cell and melanoma. Furthermore, logistic regression was applied to display the association of growth pattern with increasing size (per millimetre in diameter) of the metastases. We considered P < 0.05 to be statistically significant. Survival curves were constructed using the Kaplan-Meier method. Statistical analysis was performed with SPSS 22.0 (SPSS Inc., Chicago, IL, USA).
RESULTS

Frequency of growth characteristics
A microscopically smooth surface and a fibrous pseudocapsule ( Fig. 1A and B) , which indicate non-aggressive local growth into the surrounding lung tissue, were found in 174 (42.2%) and 26 (6.3%) of the metastases, respectively. Aggressive local growth at the border of normal lung tissue and tumour tissue were defined as pleural infiltration (Fig. 1C) , lymphangitic spread (=spread through lymphatic vessels, L1; Fig. 1D ), haemangitic spread (=spread through blood vessels, V1; Fig. 2A ), interstitial growth ( Fig. 2B ), microsatellite nodules ( Fig. 2B) and ASFCs ( Fig. 2C ) [8] . Numbers and percentages are presented in Table 2 . Metastatic tumour growth along or around a pulmonary artery branch was called perivascular growth ( Fig. 2D ) and signs of tumour regression (Fig. 2E ) within the metastases were especially found in CRC, epithelial tumours and sarcoma metastases, which are tumour types frequently treated with chemotherapy prior to metastasectomy.
Growth characteristics and interesting features by histology
1. Melanoma metastases showed no pleural invasion, and they had an increased possibility for perivascular growth [9 of 18, 50%, odds ratio (OR) 6.1 vs renal cell carcinoma, P = 0.004] 2. Sarcoma metastases had the highest incidence of pleural infiltration (44 of 141, 31.2%, OR 4.3 vs CRC, P < 0.001) and the lowest incidence of lymphangitic spread (5 of 141, 3.5%). Sarcoma metastases tended to grow along connective tissue borders, including secondary lobular septae and the visceral pleura (Fig. 1C ).
3. Epithelium-derived metastases, i.e. the CRC and epithelial tumour group, displayed free-floating tumour cell clusters (ASFCs) in the surrounding alveolar spaces in 39% and 30% of cases, respectively (Fig. 2C ). In contrast, ASFCs were almost absent in sarcoma, melanoma and renal cell carcinoma metastases (<6%).
4. CRC metastases had the highest rate of interstitial spread (64 of 95, 67.4%, OR 2.8 vs sarcoma metastases, P < 0.001) and the highest rate of ASFC (37 of 95, 38.9%, OR 29.3 vs sarcoma, P < 0.001).
5. CRC, epithelial tumour, and renal cell carcinoma (RCC) metastases showed a similar frequency of lymphangitic spread (L1; Fig.  1D ) of 18.0-18.9%, OR 5.9-6.3 vs sarcoma.
Correlation of growth patterns with size
Pleural invasion, L1, V1, interstitial growth, perivascular tumour growth and peribronchial growth were significantly associated with increasing the size of the metastases, whereas ASFC and satellite nodules were not (Table 4 ). Looking at all histological results, the risk of the appearance of pleural invasion increased by 2.6% for every additional millimetre in size of the metastasis. Furthermore, the risk of lymphangitic spread (L1) increased by 2.6%, the risk of haemangitic spread (V1) by 3.1%, the risk of interstitial growth by 2.5% and the risk of perivascular growth and peribronchial growth by 4.6% for each additional millimetre in size of the lesion. In contrast, the portions of metastases with a smooth surface and non-aggressive local growth was 46% in the subgroup of 1-10 mm diameter lesions and decreased to 39% in the subgroup of 11-20 mm diameter and 36% in the subgroup of 21-30 mm diameter, but this difference was not significant.
Interesting features
Although germ cell metastases after chemotherapy all had a complete regression, CRC metastases typically showed lesions that had a central regression and a superficial zone with viable tumour at the junction with the lung tissue (Fig. 2E ). Many renal cell metastases were covered by a thickened visceral pleura associated with a high microvessel density in the pleura and lung (Fig. 2F ).
Survival and local recurrence
Data on survival could be collected from 150 of 183 (82%) patients; 82 of them died, 68 were censored cases. The presence or absence of local intrapulmonary recurrence could be evaluated in 307 of 412 (74.5%) resection sites. At 65 (21.2%) resection sites, local recurrence occurred. A significant correlation of aggressive growth pattern and local intrapulmonary recurrence was found for pleural infiltration (P = 0.008) and interstitial growth (P = 0.036). Furthermore, size of the metastasis >5 mm (P = 0.002) and safety margins <7 mm (P = 0.031) were associated with local recurrence (Table 5 ). No association with the incidence of local intrapulmonary recurrence was found for L1, V1, ASFC, satellite nodules and non-smooth surface. Furthermore, no differences were found for the number of local recurrences between different modes of resection (P = 0.318). The median survival and 5-year survival rate was 37 months and 37.6% for the whole group. The overall survival differed significantly (P = 0.046) between histologies ( Fig. 3) , and was significantly reduced when pleural infiltration was present (P = 0.034).
DISCUSSION
Principal findings
The chance of long-term freedom from recurrence after pulmonary metastasectomy depends on the biology of the tumour, the amount of undetected micrometastases and, most importantly, on the completeness of metastases resection [8, 9] . Rusch [2] generally recommended the removal of 5 to 10 mm of lung tissue spherically around the metastasis. Others demonstrated that anatomical resection can be superior over wedge resection with regard to survival in some situations [10] . When multiple metastases are present, metastasectomy requires a balance between adequate resection for complete removal of the lesion and limited resection to preserve pulmonary function. The ideal resection margin is the topic of this work and is somehow surgical skills. Because functional preservation and maximal oncologic safety are conflicting aims, it is necessary to find individualized concepts of metastases resection depending on histology, size and, possibly, shape of the lesion. We think the first step towards individualized operations with patient-tailored resection planning in the future is the knowledge of growth differences between varying histologies and sizes of the nodules. This hypothesis could be underlined by our results: the frequency of local intrapulmonary recurrence increased with smaller safety margins, larger diameter of the lesion (>5 mm) and in association with some aggressive patterns of local growth (pleural infiltration and interstitial growth). Therefore, this study was conducted to obtain basic knowledge of metastatic growth in the lung. The high incidence of intrathoracic lymph node involvement of up to 46% in RCC metastases [11] and up to 44% in CRC [12] metastases provides further evidence that knowledge about growth characteristics is important.
Comparison with the current state of evidence
To our knowledge, this is the first growth pattern comparison of different metastatic histologies with the focus on the tumour-lung interface and the question regarding adequate resection margins. Moreover, it is the first detailed evaluation of minimal safety margins and methods of resection. Laser resection was performed with the smallest safety margins in our study but was not associated with more local intrapulmonary recurrences. Previously, to identify growth differences, we analysed metastases from various primaries using the same categories. We could demonstrate that there are fundamental differences in growth patterns between different histologies (Tables 2 and 3) . Furthermore, to our knowledge, this is the first study presenting an association of aggressive growth patterns with the size of the metastasis. Growth characteristics of pulmonary metastases have been described earlier for liposarcoma [13] , RCC [6] and sarcoma [14] in a partially systematic way as well as for CRC metastases [5] . While we supposed metastases with a smooth surface to be less aggressive, Sardari et al. [6] divided RCC metastases into 3 distinct growth patterns: the alveolar type and the interstitial type, which both preserve the architecture of the lung and a destructive type that destroys lung parenchyma and builds a tumour-associated stroma with a high density of tumour feeding microvessels. The latter type was assumed to be the most locally aggressive. Because this 'destructive type' built a smooth front line with its desmoplastic reaction between the tumour and the ASFC: aerogenous spread of floating cancer cell clusters; CRC: colorectal cancer. OR > 1.0 express the fact that a certain growth feature is more common in that histologic subgroup than in CRC metastases. Peribronchial growth was excluded from comparison because of the small numbers overall.
healthy lung tissue, we suggest categorizing this type as nonaggressive concerning spread into the surrounding lung tissue. The alveolar type was also described for lung cancer and was associated with the worst prognosis [15] . Warth et al. [7] described 'tumour spread through air spaces (STAS)' as a novel morphologic prognosticator for pulmonary adenocarcinoma and found reduced overall and disease-free survival when STAS was present. Furthermore, STAS was associated with an increased number of intrapulmonary local recurrences after limited resection of lung cancer [16] . Instead of alveolar type or STAS, we analysed the frequency of ASFC and satellite nodules in the lung and found comparable results in CRC metastases (around 40%). ASFC and single-tumour cells have been found earlier around CRC metastases up to a distance of 7 mm and were interpreted as aggressive local dissemination [17] . Growth characteristics of cerebral metastases have already been described with a link to surgical intervention. Berghoff et al. [18] described brain metastases with 3 distinct invasion patterns: some with a well-demarcated border, some with a distinct perivascular growth protruding like fingers into the brain parenchyma and some with diffuse infiltration of single-tumour cells into the surrounding brain. Each infiltration type was consistent throughout the major sections of the metastasis surface. They found that melanoma metastases had a tendency to grow along vascular structures into the periphery, and adenocarcinomas represented a well-demarcated surface or a diffuse infiltration into the brain [18] . In our study, we found a similar growth of melanoma nodules, which also grew around vessels in the lung. Higashiyama et al. [19] reported another hint of aggressive local spread in pulmonary metastases. They performed a lavage cytology investigation after resection or enucleation of metastases. All lesions (10) with a positive cytology were >10 mm in diameter, and all had a macroscopically complete resection, but microscopy revealed a safety distance to the resection line of <5 mm. In our study, we found a significant increase of local recurrences when safety margins were <7 mm, which implies that local spread at the front line between pulmonary tissue and the metastasis surface was present in a range of >5 mm around the lesion. This spread can take place with ASFC or single satellite tumour cells in CRC metastases [17] . We found significant differences of safety margins between different modes of resection. While staples were most often used for anatomical resections with a corresponding greater distance between tumour and staple line, laser was used when multiple metastases were present and preservation of parenchyma was a major issue. Hence, margins were kept small. No correlation was found for the use of a certain device with the rate of local recurrence.
Strengths and limitations
The strength of this study is the large sample size of investigated metastases. The histomorphology was categorized under a surgeon's view with the underlying question of adequate safety distance to prevent local recurrence. As the sample sizes of some histologic subtypes like melanoma metastases are small, our findings, even though statistically significant, have to be treated carefully. Due to the small number of local recurrences, a separate analysis for each histologic subtype was not reasonable. The main limitation of this study is that clinical outcome data, especially follow-up computed tomography scans were not prospectively collected and stage classification of the primary was incomplete. Instead a retrospective evaluation of local recurrence in the lung was performed on available scans and reports. Therefore, more prospective research is needed to further elucidate the results and hypothesis of our study. The effect of chemotherapy on the metastases could not be further clarified, because time of application, the substances and period of application were not registered during the study period. Furthermore, the evaluation of metastases was incomplete for individual patients, as only those lesions with sufficient surrounding lung tissue had been analyzed, as described above. Therefore, no clear statement can be made whether all lesions of a patient have a unique growth characteristic. 
Conclusions and implications
Our analysis of microscopic growth characteristics showed that 42% of lung metastases have a smooth surface and are clearly demarcated. Nonetheless, there was only a trend (P = 0.088) for reduced local recurrences when a smooth surface was present. We assume that these lesions can be adequately removed by laser or electrocautery enucleation. However, 58% of lung metastases presented at least 1 pattern of aggressive local spread, which implies that marginal enucleation might be not sufficient and a rim of normal lung tissue should be resected with the metastatic nodule, up to 7 mm in this study. We could further demonstrate that aggressive local growth is more common in larger lesions, and the risk for aggressive tumour growth increases by 2.5% for every additional millimetre in size. Therefore, we recommend linearly increasing resection margins with increasing size of metastases. In contrast to Berghoff et al. [18] , we found distinct invasion patterns for almost every primary tumour type: CRC metastases and epithelial tumours exhibited ASFCs, which were completely absent in sarcoma and melanoma metastases. Therefore, we would suggest resecting CRC and epithelial metastases with a large circular resection margin. Sarcoma metastases tend to grow along connective tissue barriers and had the highest risk of pleural infiltration combined with a very low incidence of lymphangitic spread. Therefore, we suggest recommending broad lateral margins and non-anatomical resection [14] . Only RCC metastases were found to have all aggressive patterns of growth in an average percentage. The special characteristics were the impressive vascularization of the surrounding lung and the visceral pleura in some of the RCC lesions, which was also described by others [6] , and extensive lymphatic vessel involvement in some cases. We suppose that larger lesions, especially in combination with suspicious lymph nodes, need anatomical resections to remove metastasis, lymphangitis and intrapulmonary lymph nodes together.
